The bimolecular reaction A + B .... products, where [A] < [B], was studied by fluorescence probing of small unilamellar vesicles of dipalmitoylphosphatidylglycerol with pyrene, and by computer simulation on a square lattice containing non percolating clusters. The decay curves of the minority species were fitted with an equation obtained from the theory of random walks in fractal domains. The analysis of the data has allowed redefinition of the reaction rate in restricted geometries, which is now time dependent, and sets the basis for simple treatment of bimolecular reactions in organized assemblies. The values of the spectral dimension calculated from this work are in the range 0.35-0.66, where the upper limit reflects the AlexanderOrbach conjecture, and the lower values are used to monitor the solubilizate aggegation in vesicles.
I. INTRODUCTION
The study of reactions in microheterogeneous phases is a subject of prime importance from both physicochemical and biophysical point of view, since reaction rates in such phases are largely influenced by the particular environment they provide. One of the main characteristics ofthis environment is the low dimensionality which makes reactions proceed in a very different and restricted manner from homogeneous solutions. The recent advances of fractal geometry have accelerated our understanding of the dimensionality effect on the reaction rates, and have also helped to unify the applied models by introducing the concept of non integer dimension.
Most of the works published so far deal with the study of direct energy transfer (DET), or energy migration in solids. The theoretical models developed also refer mainly to such processes. DET depends on the spatial distribution of the acceptors with respect to donor molecule, 1-4 thus it involves the geometry of the reaction domain. If the domain is selfsimilar (Le., it is fractal), then DET depends primarily on the fractal dimension d f of the reaction domain.
l -4 However, when energy migrates, the dimensionality sensed depends not only on the geometry but also on the path followed (by the random walker) which might involve repeated visits to available sites. It has been found that the dimensionality of migration is expressed by the spectral dimension d s which is givenS by d s = 2d f /d w , where d w is the fractal dimension of the path. Alternatively, the number of distinct sites visited by the migrating random walker is expressed6-11 as Set) ~td,/2, where time t is proportional to the number of random walk steps. This expression is rather an approximation, theoretically obtained at t = 00, but, it has been shown that the asymptotic domain is reached very rapidly. 12 When a donor is excited by a short pulse, its decay is an exponential function with a complicated argument containing an infinite number of terms. 13 To treat the experimental results, several approximations have been made by reasoning mainly in terms of dimensionality itself. The lowest-order approximation appears in the form of a stretched exponential, Le., In [F(t) 1 ~ t X, where 0 < x < 1 and F(t) is the survival probability. Such a decay is always expected at relatively long times. I I This is in very general terms the experience obtained with energy transfer in solid matrices. On the other hand, liquid-state microheterogeneous systems have mainly been studied with diffusion-controlled quenching processes in numerous fluorescence probing studies. It is of interest to test the concept of dimensionality in molecular diffusion and interactions, in order to study, under new light, the structure and dynamics of such microheterogeneous systems as lipid vesicles,I4-16 as well as micelles and microemulsions. 17 -2o
In diffusion-controlled processes of the A + B type where the reaction is monitored by luminescence (Le., diffusion-controlled quenching) both types of reactants can diffuse during the lifetime of the excited state. We have thus modeled the mutual diffusion as a random walk ofa reacting molecule with respect to the other. Each random step is made from one solubilization site to another and multiple visits are possible. In principle, the number of solubilization sites is much larger than the number of quenchers, i.e., the occupation probability c<{ 1, but c is not negligible in restricted geometries, i.e., the number of sites is limited. Thus, the diffusion is monitored by the spectral dimension, such that d s < 2. The number of distinct sites visited S( t) will then be asymptotically proportional to t d,/2, as discussed above. Subsequently, the reaction rate, which is given by the time derivativeS of S(t), will be
(1) where/= dsl2. Naturally, the reaction rate is time dependent, unlike the classical reactions, but as expected for restricted reactions. The decay then of an excited lumophore in the presence of quenchers, at long times, following pulse excitation, will be given by (2) where C I = k 'Q, ko is the luminescence decay rate in the absence of quenching, k ' is a constant, and Q is the quencher concentration. In a nonrestricted reaction where / = I, Eq.
(2) takes the "classical" form where k' is the second-order rate constant. When/ < I, the reaction rate is time dependent and it will, obviously, be given by
However, in an exact treatment of diffusion where both short and long times are taken into consideration, the exponential argument is an infinite series. 13 Since the random walk of a lumophore towards a quencher is a similar process as the random walk of the migrating excitation, we have approximated the infinite series by an expression employed in energy migration and involving the spectral dimension. 7 . ls For an excitation by a short pulse, the decaying fluorescence intensity is given bylS whereC I =k'Q andC 2 isaconstantdependentonQ.7.13.15 In this improved approximation the term C I (lis associated with the average S( t), as above, and the term C 2 (21 with the corresponding variance. 7 It is obvious that Eq. (2) is the lowest-order approximation, and Eq. (4) one order higher approximation of the same general expression. Simulations previously reported have shown that the order of the approximation decreases as the dimensionality increases.1O.11.21 It must be underlined at this point that in the so-called "target problem,,,11 where the excited molecule is considered an immobile target for possible mobile quenchers, the long-time behavior of the decay does not foresee the existence of the term C 2 ( 2/in Eq. (4), i.e., it is satisfied by first-order approximation. Of course, diffusion-controlled quenching is neither a migration towards a trap nor a target problem. Equation (4) was adopted on experimental grounds. In the present work we apply the above principles to study the bimolecular reaction A + B-+products, where [A] < [B] , in the restrictive environment provided by nonpercolating clusters. The work contains two parts: simulations on a square lattice, and experimental study of the fluorescence of pyrene in small unilamellar vesicles. The employment of models devised for solid matrices with liquids is justified in the sense that vesicles are considered invariable in the time domain of a few hundred nanoseconds, which is the scale of the present fluorescence measurements. The simulation results are compared with the experimental results directly. Emphasis is given on the variation of reactant concentration. The analysis of the ensemble helps us to redefine the reaction rate in restricted geometries, and thus permits a simple treatment for reactions in lipid vesicles.
II. COMPUTATIONAL METHODS
The computer simulation of the fluorescence-quenched reaction was done using techniques previously reported. 22 Briefly, lattice clusters are generated on a 300 X 300 square lattice at a given probability P of an open site, which in this work was fixed at P = 0.50. A minimum and a maximum cluster size s are also specified in order to represent actual experimental situations in a more realistic manner. For this reason only the clusters that fall into this prescribed range are kept, while all the rest become nonaccessible sites. A certain number of A and B particles are placed at random on the available clusters at time t = O. Reaction proceeds in the known way, i.e., all particles perform random walks with the stipulation that when A and B particles occupy the same site they annihilate and are removed from the system, while nothing happens between two A or two B particles. We use exclusion volume principles, i.e., we do not allow more than one particle to occupy simultaneously the same site. We monitor the concentration [A] of A particles (i.e., the minority species representing the excited fluorophore) as a function of time. The basis for our time unit is one Monte Carlo step (MCS), which is defined as the time it takes for a particle to move to its nearest neighbor. In the present calcu- It should be underlined that by assuming a uniform time distribution and by making all available sites equivalent, no time dispersion and no energetic dispersion has been taken into account. 10.23 Thus the analysis focuses at only purely dimensionality (geometrical) considerations. The representation of the interaction between an excited fluorophore and a quencher, both solubilized in a medium embedded in a three-dimensional (3D) space, by the species A and B placed on a two-dimensional (2D) lattice, does not limit generality. In any case, the vesicle bilayer has a limited dimensionality. Nevertheless, simulations in 3D lattices give similar trends as in 2D lattices, even though the obtained data might differ in absolute values. For example, the percolation threshold is Pc = 0.59 for 2D, but only Pc = 0.31 for 3D lattices. However, the spectral dimension d s = 1.33 is valid for both lattices. Thus, the choice of 2D is made only to economize in computer time. Finally, the choice of p = 0.50 in the present case refers to a situation below critical percolation (all clusters separated), in an ef-fort to represent vesicles which are considered nonpercolating structures.
Ill. EXPERIMENTAL METHODS
Small unilamellar vesicles (SUV) of dipalmitoylphosphatidylglycerol (DPPG, from Sigma), labeled with pyrene, were prepared as previously described. IS Each sample was characterized by its phospholipid and pyrene concentrations (see Sec. IV). The concentrations ofpyrene embedded in vesicles were checked by both absorption and fluorescence spectroscopy. The fluorescence decay profiles were recorded with a time-correlated photon-counting apparatus equipped with a hydrogen flash lamp. An interference filter at 385 nm (Schott, Mainz) was used to monitor the pyrene monomer emission. To avoid quenching of fluorescence by oxygen, all samples were deoxygenated by bubbling with N2 for 30 min. The decay time of free pyrene monomer (without excimer) was measured by utilizing samples containing pyrene at concentration [P] < 10-6 M. The fluorescence decay profiles were analyzed with least-square fits. The criteria for the quality of the fit were the distribution and the autocorrelation function of the residuals, and the value of chi-square, which was always close to 1.00. The time profile of the excitation pulse (see Fig. 1 ) was judged wide enough to necessitate convolution of the applied model. Indeed, Eq. (4) was used in the following form:
where F; corresponds to the experimental value of the fluorescence intensity at channel i, A is a fitted parameter, G j is the value of the intensity of the exciting pulse at channel j, and w is the time interval between two channels (presently 1.87 ns). The fitting started 38 channels after the point where the exciting pulse starts rising, in order to avoid interference from scattered light, which is always present in solutions containing lipid vesicles.
IV. RESULTS

A. Computer simulations
The data obtained by monitoring the concentration of (6) where K(t) = k(t) Q, i.e., a corresponding product expressing the reaction rate in units of s -I. Q here is proportional to [B] . Figure 2 shows some examples of how K(t) evolves with time, for different values off When/ = 1, K(t) is constant. When/is small, K(t) decreases fast at short times to reach an almost constant value at longer times. Because of this sort of variation of K (t), we have chosen to give three of its representative values for each / -C I pair, i.e., its value K1 (for channel #1), its value K", (for last channel), and its average value Kover 200 channels. Thus the corresponding K", , and It values are also given in Tables I and II I. In case II, no practical difference exists between the three different cluster-size ranges with respect to any of the calculated parameters, while in case I some differentiation is obtained for 25 < s < SO. M, the excimer to monomer fluorescence intensity ratio, Ie 11m , (measured at 480 and 385 nm, respectively), reached 2.04, revealing an important excimer formation, whereas in a homogeneous solution (organic solvent) at this concentration, no excimer at all could be recorded. At a fixed pyrene concentration, the ratio lei I m increased where the lipid concentration decreased. We have assumed that pyrene was completely solubilized in the vesicle lipidic core, and, furthermore, that it did not practically affect the structure of the vesicles, at least in the sense that we treat here. The monomer fluorescence decay profiles (Fig. I) have been recorded and fitted by the exclusive use ofEq. (5). The obtained results for some pyrene concentrations are given in Table  III , for two lipid concentrations: 10 -4 and 3.5 X 10 -4 M. Table III gives the values of the noninteger exponent!. of the average second-order rate k, calculated according to Eq. Time values from the simulation data. For small lipid concentrations thefvalues stay well below the percolation limie 4 of 0.67 (see above). For the higher lipid concentration thef values stay close to the percolation limit, but below it. Finally, K values are higher for the smaller lipid concentration. This is to be expected since higher first-order rates are naturally obtained when the ratio of the number of solubilizate molecules over the volume of the dispersed phase increases.
In Fig. 3 we plotted the experimental profile of 2 X 10-5 M pyrene embedded in 3.5X 10-4 M DPPG together with the theoretical curves from the simulation calculations. The experimental profile has been first deconvoluted from the Table I ) up to -30th MCS and very different at later times. This comparison shows that the simulation data can directly. model the actual experimental system studied.
V. DISCUSSION
Both the experimental and the simulated data have allowed us with the use of Eqs. (3) and (4), to redefine and calculate the reaction rate in a geometrically restricted bimolecular reaction between a minority species A and a majority species B. This type of reaction is found, among others, in the fluorescence probing of organized assemblies. Here we focus on structures consisting of non percolating clusters and as such we have chosen the small unilamellar vesicles ofDPPG at 20 ·C, i.e., in its gel phase. We now discuss the obtained results and make comparisons between the simulated and experimental ones. The simulation results for the exponent/ do not predict any variation of/with increasing [P] or, in the limit, they predict some small increase. It is then interesting to record an unexpected decrease of/with increasing [P] at low vesicle concentration. This result leads us to the following conclusion: At small lipid (and vesicle) concentration, the number of pyrene molecules solubilized in the same vesicle is relatively high. Then it is possible to obtain an excited pyrene molecule in the close vicinity of an unexcited one, and the excimer formation to be facilitated so to appear as static. The "dynamic" aspect of such a quasistatic interaction is a fast decrease of fluorescence intensity leading to a steeper decrease of the decay profile. In such cases / values appear smaller. Of course, this phenomenon is favored at higher pyrene concentrations, explaining the trends obtained in Table III for 10 -4 M DPPG.
The results of case II of simulation come in verification of the above conclusions. In Table II, At any rate, Fig. 2 shows that higher K values are obtained with higher / values. Nevertheless, K was high at [P] = 2X 10-5 M, even though/was low. Obviously, in this real experimental system, the increase of the rates due to increasing presence of quenchers prevails (cf. comments on the variation of k given below).
The choice of the density p = 0.50 of free sites for the simulation model was made in order to obtain/values close to the experimental ones. The fact that these values are close to the percolation limit tempts us to conclude that with 3.5 X 10 -4 M ofDPPG one obtains a vesicle-dispersed phase which is not far from the corresponding percolation limit. Thus, with smaller lipid concentration, / values go away from the percolation limit even at small pyrene concentrations.
The decrease of the second-order reaction rate k with increasing [P] in Table III is a particularity of the restricted reaction spaces. Increase of [P] means decrease of the available free sites per quencher. Thus, even though the quenching species becomes more abundant facilitating first-order kinetics, the probability for a single quencher to reach the fluorophore decreases, making second-order kinetics slower.
Finally, the direct comparison of the simulation and the experimental data of Fig. 3 shows that the real experimental situation can be well approximated by computer simulation. Notice that the experimental value of/ for 2 X 10 -S M pyrene in 3.5 X 10 -4 M DPPG is 0.65. Furthermore, the data of Table III for 3.5 X 10 -4 M DPPG show that any value above 0.60 is permissible for the decay of pyrene, within experimental error. Notice also that for the close lying curve (2) of Fig. 3 , / = 0.62, i.e., the experimental and the simulated / values are practically equal. The K value that corresponds to the same simulated curve is 9.8 X 10 6 s -I (Table 1) while for the experimental curve K = 3.7x 10 6 s -1 (Table III) . The two values are of the same order of magnitUde. Their difference is just a question of time scale.
VI. CONCLUSIONS
We have studied the bimolecular reaction between a majority species B and a minority species A both by simulation and by fluorescence probing of small unilamellar vesicles with pyrene. Thus, a picture is introduced that models these systems as non percolating structures, where reactions proceed within an isolated cluster (vesicle) without exchange between clusters.
The analysis of the data was done with the use of Eqs. (4) and (5) and has helped us to redefine the reaction rate in restricted geometries through Eqs. (3) or (6) . Our focus in the present work is the behavior of the time-dependent rate constant of the reaction for various initial conditions (concentrations). The clusters mayor may not be fractal objects. In any case the analysis depends on the calculation of the spectral dimension of the random walk of the reacting species. The reaction rate is time dependent, and it depends also on the spectral dimension. Both the equivalent first-order and second-order rates can be taken into account.
The experimental situation of excited pyrene in the presence of unexcited pyrene in SUV can be represented by case I of simulation where the reactant concentration is sufficiently low. At small lipid concentration, a quencher-concentration effect is detected. However, when lipid concentration is high enough, there exists no concentration effect. At any rate, the first-order rate K(t) was larger when [P] is larger in all cases examined.
The values of/stayed below the theoretical limit for percolation, but they approached it when lipid concentration was high. The exclusive use of Eq. (4) to fit data is true for both the simulation and for the present experimental data as well as with all other data with pyrene in vesicles studied so far.
